Abstract. 1,1-Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH) is a typical peroxide with two peroxy groups that may runaway and/or explode due to mixing with inorganic acids, such as HCl, HNO3, H2SO4, or H3PO4. In this study, reactivities of TMCH mixed with the above inorganic acids were assessed by differential scanning calorimetry (DSC). Furthermore, data obtained by DSC, such as exothermic onset temperature (T0), maximum temperature (Tmax), and heat of decomposition (ΔHd) could be employed to acquire thermal safety parameters. Moreover, thermal activity monitor III (TAM III) was employed to investigate the thermal hazards while storing or transporting TMCH and TMCH mixed with four types of commonly used inorganic acids, here as HCl, HNO3, H2SO4, or H3PO4 under isothermal conditions. Mixing TMCH with those inorganic acids resulted in higherΔHd except H3PO4, and mixing TMCH with HCl clearly decreased T0. Therefore, the phenomena of mixing those incompatible materials with TMCH can be concluded as the worst cases in terms of contamination hazards during storage and transportation of TMCH.
Introduction
Most organic peroxides (OPs) can decompose readily even with inadvertent physical impact, while mixing with incompatible materials or being under extreme conditions, such as external fire and the high temperature environment. Furthermore, they will inevitably release a large amount of energies resulting in fire, explosion, or chemical release accidents [1] [2] [3] . The peroxy functional group (-O-O-) in OPs' structure, which is intrinsically unstable and thermally reactive, and it readily causes thermal runaway accidents because the peroxy functional group will break while reacting with incompatible materials, for example, acids, bases, metals, and ions. In view of process safety, as well as environment protection, some liquid organic peroxides are intrigue while handling. For instance, it is hardly predict to 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH), a highly sensitive, exothermic, and unstable material. Accordingly, it must conserve well and proactively design safety protocol during preparation, manufacturing, application, transportation, and storage [4] [5] [6] [7] [8] . In addition, TMCH is used in the manufacturing process of styrene or polyethylene and is treated as an initiator of polymerization or cross-linking agent. Furthermore, TMCH can be employed as an activator in the process industries. Consequently, TMCH must be well mastered and stored with caution in order to eliminate any potential thermal hazard which caused by mixing TMCH with other incompatible materials during the whole gamut of its process span [9] [10] [11] [12] [13] . Historically, there have been incidents related to organic waste solvents that have caused thermal hazard accidents, because the mixtures of organic waste solvent may have further induced a decomposition reaction due to improper disposal and inferior safety management. Decomposition hazards can be coped with through adequate process safety. Process safety not only protects the property from accidents, but also reduces environmental impact because of runaway reaction. OPs will decompose and may contribute to process hazards, thermal runaways, and environmental impacts.
The aim of this study was to appraise the environmental concerns with thermal hazard of TMCH and the thermal decomposition reaction of TMCH mixing with various incompatible substances, such as hydrochloric acid (HCl), nitric acid (HNO 3 ), sulfuric acid (H 2 SO 4 ), or phosphoric acid (H 3 PO 4 ). The thermal stability parameters including apparent onset temperature (T 0 ), heat of decomposition (ΔH d ), and maximum temperature (T max ) were reckoned by differential scanning calorimetry (DSC). Furthermore, we used the thermal activity monitor III (TAM III) to calculate time to maximum rate under isothermal conditions (TMR iso ), highest or peak heat flow, and reaction time. The apparent activation energy (E a ) for TMCH under different isothermal temperatures (60.0, 70.0, 80.0, and 90.0 o C) were tested by TAM III. Therefore, we can establish inherently safer designs in the storage and transport of TMCH to avoid jeopardizing the system under thermal upsets.
Experiments and methods

Samples
To assess reaction and determine the related parameters of TMCH with four inorganic acids (HCl, HNO 3 
Differential scanning calorimetry (DSC)
Temperature-programmed screening experiments were performed on a Mettler TA8000 system coupled with a DSC 821 e measuring cell [14] . The DSC results show the profiles of heat flow versus temperature that the reference sample and the target sample are heated at the same time. The temperature between the reference sample and the target sample are different because the target sample releases energy during thermal decomposition and it, in turn, resulted in heat generation in the cell. Therefore, the temperature in reference sample's cell and target sample's cell did not sustain equally after heating test. The system of programmable temperature control applied in DSC, which is used to acquire the various heating and cooling rates from 0.01 to 100.0 o C and measure the range of temperature of target sample from -150.0 to 700.0 o C. For a better equilibrium, the heating rate in this study was set at 4.0 o C min -1 , and the rising range of temperature was chosen from 30 to 300.0 o C.
Thermal activity monitor III (TAM III)
Isothermal calorimetry, TAM III, is a delicate thermal sensitivity and elaborate stability detecting equipment. It is easy to operate and only requires few sample quantity during detecting process. Accordingly, TAM III is broadly applied in many areas, such as material science, pharmaceutical science, chemistry, physical chemistry, and life science [15] [16] [17] . The liquid in TAM III's thermostat was mineral oil, which is in a reactor with a total volume of 22 liter (L), and the maximum heating rate of TAM III was ±2.0 K h -1 for usage of chemical and physical equilibrium. Moreover, the IMETI 2017
temperatures were set at 15.0-150.0 o C, and the decomposition of sample was, in turn, detected by TAM III under isothermal conditions. The software of TAM III was furthermore employed to control the thermostat and compute some thermokinetic parameters [18, 19] . The aim of this study was to use TAM III to determine the thermal decomposition reactions of 88.0 mass% TMCH and 88.0 mass% TMCH individually mixed with 6.0 N HCl, 6.0 N HNO 3 
Results and discussion
Thermal analysis by DSC
The DSC test results were detected by DSC 821 e with thermal spectrum analysis including heating and temperature conditions, showing heat release or heat decomposition, starting temperature, or the dynamics calculations. Figure 1 shows the thermal curve of TMCH with or without inorganic acids, and it is one exothermic peak while TMCH decomposing. The results of TMCH with inorganic acids which were used as the contaminants are displayed in Table 1 . It caused the T 0 emerged earlier while TMCH mixing with HCl, especially, and not only the T 0 occurred earlier but also it formed a fierce thermal reaction and then causing high temperature when TMCH was mixed with H 2 SO 4 . In addition, it revealed that the similar reaction phenomenon between TMCH and TMCH mixed with H 3 PO 4 , such as the similar T 0 , but the ΔΗ d of TMCH mixed with H 3 PO 4 increased significantly. The T 0 was induced to occur earlier as HNO 3 was mixed with TMCH, and it formed a relatively high heat of reaction after the mini-exothermic reaction of the first peak. In conclusion, all of the inorganic acids could alter the original decomposition reaction of TMCH while TMCH is mixing with the inorganic acids.
Isothermal analysis by TAM III
TAM III was used to evaluate the decomposition reaction of TMCH and the reaction of TMCH mixing with various inorganic acids. Figures 2 to 6 delineate the decomposition of pure TMCH and TMCH mixed with incompatible substances under different isothermal temperatures by TAM III. When TMCH mixed with 6.0 N HCl, the heat flow was prominent at 60.0 o C, and they were similar at decomposition at 80.0 or 90.0 o C as shown in Fig. 3 . We found that there are two exothermic peaks when TMCH mixed with 6.0 N HNO 3 . In addition, Fig. 4 illustrates that the energy generated from first exothermic peak, which forced the second exothermic reaction to appear earlier. Furthermore, the first exothermic peak almost occurred at the same time around 60.0-90.0 o C, but the most high second exothermic peak was at 90.0 o C. Therefore, TMCH mixed IMETI 2017
with HNO 3 not only resulted in two exothermic peaks, but also released enormous amount of heats, which may lead to serious thermal hazard. The heat flow was higher at 90.0 o C when TMCH mixed with 6.0 N HNO 3 , 6.0 N H 2 SO 4 , or 6.0 N H 3 PO 4 as revealed in Figs. 3, 4 , 5, and 6. The heat flow of TMCH mixed with H 2 SO 4 was higher than TMCH mixed with other inorganic acids. In Fig. 6 , there are also two exothermic peaks when TMCH mixed with H 3 PO 4 at 80.0 and 90.0 o C. The exothermic peak was similar, but ΔΗ d was higher at 90.0 o C than at 80.0 o C. TMCH mixed with H 3 PO 4 could increase the probability of the second thermal hazard to be happened. The thermal stability parameters, such as TMR iso and the maximum heat flow, can be calculated by TAM III. TMR iso is employed to assess the emergency response, and we therefore applied TMR iso in prevention of thermal runaway reactions. 3 , and H 3 PO 4 . Moreover, the maximum heat flow of TMCH mixed with above inorganic acids was also increased significantly. However, the TMR iso of TMCH mixing with H 3 PO 4 was increased due to decomposition mechanisms. The higher maximum heat flow and temperature could cause prominent runaway excursions, and HCl, HNO 3 , and H 2 SO 4 could be classified as incompatible substance because TMCH mixed with those inorganic acids may result in the diminished TMR iso . 
where A, E a , and R represent the frequency factor, the apparent activation energy of the stage, and the gas constant, individually. The E a of pure TMCH and TMCH mixed with H 3 PO 4 was 147.37 and 133.34 kJ mol , respectively. When TMCH was mixed H 3 PO 4 , its E a is lower than pure TMCH, indicating that the reaction could occur easily. 
Conclusion
In view of environment protection, the calorimetric technique is very important in chemical industry for assessing the thermal hazard influence during the whole gamut of the manufacturing process. 
